Introduction
I review lattice QCD results relevant to the recently discovered hadrons: X(3782), Y (4260), and D s (2317), because these seem, to me at least, to be the most interesting states from the perspective of solving and understanding QCD 1,2 . The physical picture behind lattice QCD calculations is that an interpolating operator creates a hadron in the QCD vacuum. and after a specific time interval the hadron is destroyed. The choice of interpolating operator is particularly important for hadrons that are thought to be a hybrid meson or a molecule of hadrons.
For example, for a 1 −− state in the charmonium system, possible interpolating operators are
where F jk is the QCD field strength tensor, and c and q are creation operators for the charm and light quark respectively. Operator O 2 is a hybrid meson operator because it contains excited glue. A critical issue for molecular interpolating operators, such as M 2 in equation 3, is whether the state is a genuine bound state or two mesons weakly interacting. One technique that is widely used, was developed by the Kentucky group 3 , is to study the volume dependence of certain amplitudes in the calculation. For non-interacting scattering states the amplitude is proportional to the inverse of the volume, but for resonances the amplitude is independent of the volume.
An important issue is how close the parameters of unquenched lattice QCD calculations are to the QCD in the real world. The MILC collaboration have pion masses as low as 240 MeV, a dynamical range of lattice spacings between 0.06 and 0.15 fm, and 2+1 flavours of sea quarks 4 . As reviewed by Schierholz at this conference, due to algorithm breakthroughs, other collaborations are now doing lattice calculations with comparable parameters, For example the ETM collaboration 5 have accurate results at two lattice spacings with pion masses just under 300 Mev with 2 flavours of sea quarks. Unfortunately, the published results on the new heavy hadrons use older data sets, that are either quenched or unquenched with pion masses above 500 MeV.
The effect of the sea quarks could be important for hadrons close to threshold, such as the D s (2317) and X(3872). In an unquenched lattice calculation, a sea quark loop in a meson has the quark content of q 1 q s q s q 2 . This dynamics is important for the mixing of tetraquark and quark-antiquark states. Also this diagram contains the dynamics of two meson decay that are sometimes included in quark models via coupled channel techniques 1, 6 2. Lattice results for D s (2317).
This state was discovered by BaBar and confirmed by CLEO, and BELLE 1,2 . The quantum numbers are thought to be J P = 0 + . The quark model predictions for the J P = 0 + strange-charm meson were above the DK threshold. The experimental signal for the D s (2317) was below the DK threshold with a small width. The closeness of the mass of the D s (2317) state to the mass of the DK threshold has caused some people to speculate that the experimental D s (2317) is a hadron molecule.
After the discovery of the D s (2317), Bali 7 estimated the mass of the lightest strange-charm 0 + meson to be 2.57(11) GeV from lattice QCD and suggested this provided some evidence for non-cs interpretation of the D s (2317). UKQCD, obtained the mass 2404(57) MeV for 0 + using charm-strange interpolating operators, and claimed consistency between lattice and mass of D s (2317) 8 . Lin et al. 9 recently reported the mass of the D s (0 + ) to be 2379(40) MeV, from a quenched lattice QCD calculation at a single lattice spacing.
Another way of determining whether a state is a molecule or not is to compute the leptonic decay constant of the state 10,11 . 14 of 469 ± 1.4 ± 1.5 MeV.
UKQCD used unquenched lattice QCD to compute the decay width of 160 MeV for the lightest P-wave B meson to decay to the S-wave B meson and a pion 11 . Also an effective hadronic coupling for the decay of the lightest P-wave B s → BK was found to be of similar size to the coupling for the decay K(1412) to Kπ. Since, the K(1412) is not thought to be molecular, this is additional evidence that the lightest P-wave B s meson is not molecular.
Lattice results for X(3872).
The X(3872) was first discovered by Belle 1,2 . The mass is 3872.0 ± 0.6 ± 0.5 MeV and the width is less than 2.3 MeV 1,2 . The X(3872) is thought to have J P C = 1 ++ quantum numbers. The assignment J P C = 2 −+ for the X(3872) has not been ruled out 
Lattice results on Y (4260).
The Y (4260) (with J P C = 1 −− ) was first seen by BaBar and has been confirmed by CLEO 1,2 . Although there are many suggestions for the quark and glue content of the Y (4260), perhaps the most popular one is that the state is a non-exotic hybrid meson (this still needs confirming of course) 1,2 . There have been a lot of lattice calculations that studied the exotic charmonium meson with J P C = 1 −+ . Although J P C = 1 −− for the Y (4260) hadron, the mass of the 1 −+ state gives some indication of the hybrid excitation energy. In figure 4 , I plot the mass difference between the 1 −+ states and the S-wave states for both heavy and light quarks using data from 18, 19 , as well as the experimentally determined masses of the Y (3940) and Y (4260) states. This shows that the mass of the Y (4260) state is close to the mass of the 1 −+ masses, but the mass of the Y (3940) is too low to be less than 1 MeV, where S is a scalar 0 ++ meson. The message from the lattice gauge theory calculation in 20 is that the decay width of hybrid mesons to states that include light flavour singlet mesons could be sizeable.
Luo and Liu 21 studied the non-exotic hybrid mesons in charmonium using a quenched lattice QCD calculation. The masses of the ground and excited states that coupled to the 1 −− operator in equation 1 were 3.094(18) GeV (close to J/ψ) and 3.682(81) GeV (close to ψ(2S)). The masses of the ground and excited states that coupled to the 1 −− hybrid meson operator in equation 2 were 3.099(62) GeV (close to J/ψ) and 4.379(149) GeV (close to Y (4260)). My main criticism of the work is that they use multi-exponentials fit models to fit single channel correlators. They used reasonable techniques, but that this type of fitting is still hard to do.
Chiu and Hsieh 22 used hybrid and molecular operators (equations 1, 2,and 3 ) and additional operators to study the 1 −− hadron in charmonium using a quenched lattice QCD calculation at a single lattice spacing. For the first excited state of the hybrid 1 −− operator they obtain the mass 4501(178)(215) MeV in reasonable agreement with the calculation of Luo and Liu (whose result is reduced by taking the continuum limit). Using a molecular operator of the form (qccq), Chiu hadron would be useful to help understand the Y (4260), unfortunately the NRQCD expansion is not very reliable for charmonium.
Conclusions
My first "no-brainer" conclusion is that the above lattice calculations need to be repeated with modern unquenched lattice QCD data sets. It is particularly important to study the effect of sea quarks on the tetraquark/molecular interpolating operators. In quenched QCD, it seems that tetraquark/molecular andoperators couple to distinct states, however sea quarks will in principle cause these two type of operators to mix. The molecular versus quarkantiquark picture is also an issue for light hadrons such as the a 0 (980). Two recent lattice calculations 10,25 disagree on the quark content of the a 0 (980).
In QCD there are also glueball interpolating operators. The potential effect of glueball dynamics on vector and pseudoscalar states in charmonium is discussed in 26 .
